In these reports the separation were obtained by using specimens or deionized sample of NeuAc-containing compounds and the resolution was attained with acidic diluted phosphate or acetate buffer.
introduction
Glycosylation is a crucial posttranslational modification in eukaryotic organisms. Every cell is covered with glycans of various types. Alteration of the glycosylation profile often represents metabolic or genetic changes of cells. [1] [2] [3] [4] Therefore, the monitoring of glycan structures accompanying biological processes must be important for understanding the function of glycans in cell biology and pathology. [5] [6] [7] [8] [9] Investigation of the role of carbohydrates in the biological function of glycoproteins is often hindered because the low-level analysis of these molecules is considerably more difficult than that for other biopolymers-particularly nucleic acids and proteins. Various analytical methods met difficulty in accurate and precise determination of glycans because the samples often fall below the calibration range. Furthermore, many structural factors must be evaluated for glycosylation analysis: linkage positions on peptide chains, glycan structure, and the variation and distribution of glycans at each glycosylation site. This situation complicates the evaluation of so-called glycomics or glycoproteomics analysis. [10] [11] [12] [13] The realization of comprehensive glycome analysis of glycoproteins from tissues, cells, and body fluids necessitates specific recovery of glycans with sensitive analytical methods. Various approaches have been developed for enrichment of glycans or glycoconjugates from biological samples. Affinity columns immobilized with various lectins have been used to recover glycoproteins and glycans with specific carbohydrate chains. 10, [14] [15] [16] However, their usage necessitates great attention to issues such as instability, specificity of lectins, and sample leakage by overloading because of the low coverage of proteinaceous lectins. Recently, a new type of sorbent having hydrazine or oxyamine groups enables trap glycans, but it is only applicable to free glycans with aldehyde groups in their reducing ends; they are not useful for analysis of glycopeptides. 17 Another approach combining unspecific sorbents such as graphitized carbon, 18 amine-bonded phase, 19 or sepharose 20 sorbents seem state-of-the-art, and are only applicable for specific purposes.
The present report documents the development and some applications of a novel sorbents, serotonin-bonded silica for trapping sialic acid, especially N-acetylneuraminic acid (NeuAc, Fig. 1(a) ) containing glycoconjugates in various samples, because the content of sialic acids often increased in surface glycoproteins of transformed and malignant cells. Serotonin ( Fig. 1(b) ), also called 5-hydroxytryptamine or 5-HT is a monoamine neurotransmitter synthesized in serotonergic neurons in the central nervous system and enterochromaffin cells in the gastrointestinal tracts of animals. 21, 22 Serotonin is known to interact with sialic acid, which often exists in termini of acidic glycan chains. Serotonin has a characteristic feature of binding with NeuAc-containing glycolipids and glycoproteins with high affinity. [23] [24] [25] In 1982, Sturgeon and Sturgeon reported specific retention of NeuAc-containing glycoconjugates in serotonin-immobilized gel by application with pure water; retentates were eluted with diluted buffer. 23 They also reported that the presence of N-acetyl group and the side chain (C7 -C9) of NeuAc are necessary for binding to serotonin. The molecular basis of the interaction between NeuAc and serotonin was determined using proton NMR, 24 the principle was applied to purification of some glycoproteins. 26 El Rassi et al. developed analytical technique using serotonin column for high-performance liquid chromatographic analysis of sialylated glycans and gangliosides. 27 Subsequently, serotonin affinity chromatography has been used for specific separation of NeuAc-containing glycoconjugates for various purposes. and evaluated its performance. This method was applied to analysis of specific recovery of NeuAc-containing glycan derivatives from fluorescence reaction, and LC/MS analysis of tryptic digests of various biological samples. The results underscore the advantages provided by use of this sorbent.
Experimental

Reagents and chemicals
Serotonin (5-hydroxytryptamine) and sodium periodate (NaIO4) were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Bare silica gel (60Å, 40 -75 μm) was obtained from Fuji Silysia Chemical Ltd. (Kasugai, Japan). γ-Glycidoxypropyltrimethoxysilane was supplied by Shin-Etsu Chemical Co. Ltd. (Tokyo, Japan). The TPCK-trypsin, EC 3.4.12.4 from bovine pancreas, bovine pancreas ribonuclease B, fetal calf serum fetuin, human serum transferrin, human α1-acid glycoprotein and NeuAc and sialyl lactose (NeuAcα2-3Galβ1-4Glc) used for this study were obtained from Sigma-Aldrich Japan K. K. (Tokyo, Japan). Neuraminidase, EC 3.2.1.18 from Arthrobacter ureafaciens, HPLC-grade methanol, and acetonitrile were purchased from Nacalai Tesque Inc. (Kyoto, Japan). Peptide:N-glycanase F (PNGase F, peptide-N 4 -(acetyl-β-glucosaminyl)-asparagine amidase, EC 3.5.1.52) was purchased from Roche Diagnostics Co. (Mannheim, Germany). AP-glycans prepared as described previously. 29 Tryptic digestion accomplished by previously reported method. 30 Water was purified using a Milli-Q device (Millipore Co., Milford, MA). Other solvents were of the highest commercially available grade.
Preparation of serotonin-immobilized silica for solid phase extraction (SPE) sorbent
The synthetic pathway of serotonin-immobilized silica is presented accomplished by previously reported. 31 Silica gel (10 g) was dried in a 500-ml round bottom flask by connection to a vacuum line and heated at 120 C for 6 h. Then the silica was suspended in 150 ml of toluene containing 2 ml of γ-glycidoxypropyltrimethoxysilane and 100 μl of triethylamine. The mixture was refluxed for 16 h. The epoxide-labeled silica thus obtained was washed thoroughly on a glass filter with toluene, acetone and ether, and dried under reduced pressure. Epoxide silica was slurried carefully in 500 ml of 10 mM H2SO4 and heated to 90 C for 1 h; then it was washed with water, ethanol, and ether and dried in vacuo. The obtained diol silica was immersed in 1% NaIO4 in acetic acid:water (1:1, v/v), and stirred gently for 2 h at room temperature; then it was dried as explained previously.
Serotonin (600 mg) and sodium cyanoborohydride (100 mg) were dissolved in 5 ml of water:methanol:acetic acid (5:38:7, v/v) and mixed with 2 g of aldehyde silica in a light-resistant container. The solution was stirred at 37 C overnight. The serotonin-immobilized silica was washed thoroughly with water, methanol and ether, and dried before use.
Standard conditions for entrapment of glycoconjugates to serotonin-bonded silica SPE
Figure 1(c) shows that serotonin silica (40 mg) was packed in a 1-ml volume of empty column (Mobicol Spin-Column; Mobitec GmbH). The column was washed and treated with 1 ml of 2.5% ammonium hydroxide solution, and 5 ml of distilled water. The glycoconjugate sample was dissolved in 200 μl of 0.01% ammonium hydroxide solution and passed through the serotonin column. After washing with 2 ml of 30% methanol, retentates were recovered by 5 ml of 200 mM ammonia/100 mM acetic acid in 30% methanol solution. The entrapment capabilities of the serotonin-bonded silica were estimated by passing through various volumes of 1 mM of NeuAc as a model saccharide. The amount of NeuAc in eluate was estimated using CE analysis. The effective serotonin content of serotonin silica was determined by adding 20 mg of serotonin silica to 50 mM NeuAc solution. After standing for 10 min, the suspension was centrifuged at 18000 rpm and 0.5 ml of supernatant was assayed for the determination of remaining NeuAc in solution.
Reversed phase high-performance liquid chromatography for analysis of AP-labeled glycans
The HPLC system consists of two pumps (880PU; Jasco Inc., Tokyo, Japan), an injector with a 100-μl loop (7125; Rheodyne LLC, Cotati, CA), and a fluorometric detector (RF550; Shimadzu Co., Kyoto, Japan). Data were collected on a PC (Windows Operating System; Microsoft Co.) using a data processing system (SmartChrom; KYA Technologies, Co., Osaka, Japan). Separation was performed on a column (15 cm × 6 mm i.d., Cosmosil C18; Nacalai Tesque Inc.) with a gradient elution at a flow rate of 1.0 ml/min using 10 mM potassium phosphate buffer, pH 3.8 (solvent A) and 0.5% 1-butanol in solvent A (solvent B) from 70:30 to 5:95 (solvent A:solvent B, v/v) for 100 min.
Excitation and emission wavelengths of the fluorometric detector were set, respectively, at 310 and 390 nm.
Liquid chromatography/electrospray ionization mass spectrometry (LC/ESI-MS) for tryptic glycopeptides analysis
For this study, LC/ESI-MS analyses were conducted on a UPLC (Prominence Series; Shimadzu Co.) coupled to LCMS-IT-TOF equipment (Shimadzu Co.). The tryptic mixture of a glycoprotein was separated on an ODS column (15 cm × 2.1 mm i.d., HiQsil C18-3; KYA Technologies, Co.) at a flow rate of 0.15 ml/min using two solvent systems of 0.1% TFA (solvent A)-80% (v/v) acetonitrile in 0.1% TFA (solvent B). Elution was performed using gradient elution as follows: 5 -5% B at 0 -2 min, 5 -60% B at 2 -42 min, and 60 -95% B at 42 -52 min. Eluate from the column was introduced to an orthogonal electrospray interface of a quadrupole-ion trap time-of-flight (QIT-TOF) MS with argon gas for ion cooling and collision-induced dissociation (CID) experiments. The ion trap mass spectrometer was operated in the positive ion mode with the probe voltage set to 4.5 kV, detector voltage of +1.7 kV, capillary temperature of 200 C, and nebulizer gas flow of 1.5 l/min. Mass spectra were acquired over the scan range of m/z 1000 -2000 with the scan rate of 5 s/scan. The obtained total ion current chromatogram (TIC), selected ion monitoring chromatograms (SIM), and their mass spectrometric data were obtained and processed using accessory software (LCMS Solution; Shimadzu Co.).
results and discussion
The aim of this work is the development of SPE of new type for specific enrichment and purification of sialylated glycoconjugates. Serotonin-immobilized silica was prepared and evaluated as follows.
Preparation of serotonin-bonded phase
Serotonin is a molecule consisting of an indol ring and an aminoethyl group. The indol ring seems necessary in binding with sialic acid. Therefore, serotonin was immobilized on an aldehyde silica via the ethylamino group of the molecule by reductive amination. Bare silica gels were converted to aldehyde silica via periodate oxidation following to silylation with γ-glycidoxypropyltrimethoxysilane and acid hydrolysis to form diol groups. Primary amino group of serotonin and aldehyde silica was condensed and reduced to generate ethyl-aminomethoxypropyl linkage between the indol ring and silica surface. The obtained serotonin-bonded silica was highly stable, and indicated no change in the storage. The amount of serotonin introduced onto silica gel was determined using elementary analysis; the serotonin content was estimated at 0.19 mmol/g based on the contents of nitrogen (data not shown). Because of the interaction between serotonin and NeuAc comprising a equimolar relation, 24 almost 1 g of serotonin silica was able to be trapped about 190 μmol of NeuAc-containing glycoconjugates. The binding capacity of serotonin silica was estimated at about 25.0 μmol/g of the silica by immersing serotonin silica to NeuAc solution. Consequently, about 13.2% of serotonin was properly exposed and recognized by NeuAc in solution.
Optimization of the extraction and elution conditions for sialic acid-containing glycoconjugates
Serotonin silica indicates strong affinity to NeuAc and NeuAc-containing glycoconjugates. However, the binding capacity depends on the composition and pH of sample solution. Therefore, we first studied the composition of sample solution by passing 50 μl of 1 mM NeuAc dissolved in various solutions through 20 mg of serotonin silica. The extraction capacity of NeuAc is sensitive to the composition and pH of sample solution, but the NeuAc was effectively trapped under the presence of a few millimolars' concentration of ammonium hydroxide. Therefore, we chose 0.01% ammonia for the sample solution, and 200 mM ammonia/100 mM acetic acid solution as elution buffer. Quantitative recovery (95%) of NeuAc was obtained. The recovery do not vary within the concentration range of NeuAc between 0.5 and 10 mM. Higher concentration induced leakage of NeuAc. Nonspecific binding of serotonin silica was also evaluated by passing an amino acid solution through serotonin columns. In a series of amino acids, we found that some hydrophobic amino acids such as tryptophan and phenylalanine were retained to serotonin silica, perhaps because of the hydrophobicity and the feasible accessibility due to aromatic or π-π interaction of the indol ring in the serotonin molecule. This nonspecific binding can be eliminated by adding methanol to the eluate at a concentration of 30%. We chose 0.01% ammonia for the sample solvent, and 30% methanol for a washing solution for serotonin columns.
Application to purification of labeled glycans
We applied serotonin silica for the specific recovery of sialylated glycans labeled with 2-aminopyridine (AP) as fluorescent tags. Fluorescent labeling reagents of various kinds have been developed for tagging glycoprotein glycans, enabling sensitive detection of the labeled glycans in addition to the enhancement of sensitivity in LC/ESI-MS or MALDI-MS detection of labeled glycans. In fact, AP is an extremely useful derivatizing reagent, but AP is highly hydrophilic, which hampers easy removal of excess reagents by simple solvent extraction. For that reason, excess reagents were often removed using time-consuming chromatographic methods including ion-exchange 32, 33 or size-exclusion chromatography. 34, 35 Serotonin silica was first applied to the specific extraction of AP-labeled NeuAc containing glycans from the derivatization mixture.
Human transferrin contains disialylated biantennary complex type glycans (more than 90%) and minute amounts of fucosylated biantennary and triantennary glycans. 36, 37 Therefore one peak is visible, corresponding to a biantennary glycan. Figure 2(a) shows that AP labeling mixture of this glycoprotein indicates intense signal of excess amount of AP at the void volume except for a peak of biantennary glycan appeared at 25 min, but in addition two or three signals, which might be the decomposition products of reagent were observed at 35 -40 min. This reaction mixture was passed through a serotonin column. The retentates were recovered by ammonium acetate solution, and separated under identical conditions. The upper trace (Fig. 2(b) ) shows that only the biantennary glycan peak was observed and that most excess reagents eluted at void volume and that other contaminants were removed by this procedure. The mean recovery of sialylated biantennary glycan was 91%.
The same strategy was applied to the analysis of fetuin glycans. Figure 3(a) portrays separation of AP-labeled glycans derived from fetuin on a reversed-phase HPLC. This glycoprotein consists of biantennary and triantennary glycans with variation in the number of NeuAc and their linkage position in lactosamine branches, and Galβ1→3GlcNAcβ1→4 sequence as well as usual Galβ1→4GlcNAcβ1→4 sequence in Manα1→3 branch. 38 These peaks were disappeared by neuraminidase digestion. Therefore all peaks appeared in Fig. 3(a) contain NeuAc residues. Figure 3(b) shows that identical elution profiles were obtained both for crude glycans and ammonium acetate eluate from serotonin column. The mean recovery of these glycans was 80 -89%. High recovery means that the serotonin silica was valuable for specific recovery of sialylated glycans in the reaction mixture. In contrast to lectin columns, the serotonin column has high chemical stability, enabling specific recovery of sialylated glycans in the reaction mixture under the presence of excess aromatic amines and borohydride reagents.
Next, we chose porcine thyroglobulin as the second group of sample for evaluation of the serotonin column. This glycoprotein contains both high mannose type and sialylated biantennary glycans. In addition, some complex type glycans are sulfated. [39] [40] [41] Figure 4(a) shows that this glycoprotein presents a complicated elution profile including more than 10 peaks. Peaks indicated with arrows represent sialylated glycans because these peaks were moved by neuraminidase digestion. Peaks observed at 5 to 20 min signify high-mannose type glycans. Other peaks corresponded to sulfated glycans. By passing through a serotonin column (Fig. 4(b) ), some peaks not containing sialic acids were observed at 5 -20 min (high-mannose type) and 35 -40 min (non-sialylated glycans). In contrast, peaks of sialylated glycans were specifically retained on serotonin silica and a fraction recovered with ammonium acetate indicates peaks eluted at 29, 35, and 43 min, as shown in Fig. 4(c) . The recovery of the 43 min peak was 84%. Consequently, a serotonin silica only trapped sialic acid containing glycans with high efficiency.
Application to the enrichment of tryptic glycopeptides for profiling of glycoproteins
This method is also apparently intended for the enrichment of glycopeptides in the glycomics study of biological samples in LC/MS analysis. We also applied serotonin silica for specific enrichment of glycopeptides in tryptic digests of glycoproteins in LC/MS analysis.
Human serum transferrin is a glycoprotein having disialylated biantennary and fucosylated glycan, as described previously, 36, 37 which are located at two N-glycosylation sites at Asn432 and Asn630. 42 Its molecular weight is about 75 kDa. 42, 43 From the amino acid sequence, this glycoprotein is estimated to be cleaved into more than 50 fragments by tryptic digestion. Figure 5 (a) presents a total ion current chromatogram (TIC) analyzed with LC/ESI-MS detected in positive ion mode. Selected ion monitoring chromatograms (SIM) are also presented in Fig. 5(c) . Molecular masses calculated for these glycopeptides are useful to identify glycopeptide peaks. From Fig. 2 Reversed phase HPLC analysis of AP-labeled glycans derived from human transferrin before (a) and after (b) specific extraction with serotonin silica. Analytical conditions: column, ODS-silica column (6.0 × 150 mm); buffer, (A) 10 mM NaH2PO4 (pH 3.8), (B) buffer A containing 0.5% 1-BuOH; eluent, 70 to 5% (A) for 100 min; flow rate, 1.0 ml/min; detection, 310 (ex)/390 (em) nm. Fig. 3 Reversed phase HPLC analysis of AP-labeled glycans derived from fetal calf serum fetuin before (a) and after (b) specific extraction with serotonin silica. Analytical conditions are the same as those in Fig. 2 . Fig. 4 Reversed phase HPLC analysis of AP-labeled glycans derived from porcine thyroglobulin (a), and its unbound (b) and bound (c) fractions to serotonin silica. Arrows indicate peaks that disappeared after neuraminidase digestion. Analytical conditions are the same as those in Fig. 2. the calculation, peaks observed at 9 and 12 min corresponded, respectively to glycopeptides including Asn630, and Asn432 (Table 1 ). The mass spectra of these peaks correspond to trivalent molecular ions, but their masses are 17 Da lower than those estimated from their glycan and amino acid sequences. That loss of 17 Da might result from the deamination of glutamine (pyro Q), and alkylated cysteine (pyro CMC) on the N-terminus at the proteolytic digestion process. 44 Tryptic digests of transferrin were passed through serotonin silica, and retentates were separated and detected under identical conditions. Figure 5 (b) shows that glycopeptides containing sialylated glycans were specifically recovered. Other contaminants were removed specifically using this procedure. Recoveries of these glycopeptides were 80 -86%.
We applied the same strategy to the analysis of human α1-acid glycoprotein (AGP).
This glycoprotein is structurally complicated, and consists of two molecular variants of AGP1 (AGP1*F1, AGP1*F2 and AGP1*S alleles) and AGP2 (AGP2*A), which differed in 22 amino acids. [45] [46] [47] However both variants have the same five N-glycosylation sites (Asn33, Asn56, Asn72, Asn93 and Asn103) with molecular weight of about 42 kDa. 42 Each glycosylation site contains highly sialylated bi-, tri-and tetraantennary glycans; some tri-and tetraantennary glycans are fucosylated at one of the lactosamine branch to form a sialyl Lewis-X (sLe x , NeuAcα2→3Galβ1→4(Fucα1→3) GlcNAc-) sequence. 38 Figures 6(a) and 6(c) show TIC and their SIM profiles of the tryptic digests. Many peaks were detected in their chromatograms. Glycopeptides including Asn52, Asn93, Asn103, Asn33 (26 -38, 23 -38) , Asn72, and Asn33 (23 -42) were eluted in this order; their retention is deviated slightly depending on their glycan structures. We also observed site-specific glycosylation profiles in their ESI-MS spectra as listed in Table 2 . In peptides having glycosylation sites, Asn33 containing peptides included two genetic variants (AGP1*S and AGP1*F), modification observed for them was attributable to Selected ion chromatograms (c) correspond to trivalent molecular ions of glycopeptides with specific sequences listed in Table 1 . Table 1 List of possible glycopeptides detected using LC-ESI/MS in Fig. 5(c Table 2 . Analytical conditions are the same as those in Fig. 5 .
deamination of alkylated cysteine at N-terminus, and they were eluted at 13, 17.5 and 20 min. As explained above, retention behaviors of tryptic glycopeptides were determined mainly by the hydrophobicity of amino acid sequences of peptide moieties, but the small differences that are retained because of glycan structure are also observed. Glycopeptides of complex-type glycans were eluted in order of their size, fucosylated tetraantennary < tetraantennary < fucosylated triantennary < triantennary < fucosylated biantennary < biantennary glycans. The tryptic digests were passed through a serotonin column; the retentates were analyzed under identical conditions. Figure 6 (b) shows that elution profiles were improved using this procedure. Peaks of sialoglycans have specifically recovered, and other contaminants were removed effectively by this procedure. Furthermore, some glycopeptide peaks were enhanced in ESI-MS spectra because of the removal of contaminants from the crude mixture. As shown in Fig. 7 , mass spectra of Asn103 and Asn72 including glycopeptides clearly indicate the presence of a series of sialylated glycans. The mean recovery of glycopeptides was more than 76%. Serotonin silica tends to retain sialoglycans strongly in proportion to the number of NeuAc residues. This implies more than 20% of highly sialylated glycopeptides were strongly retained and not eluted after elution under the standard conditions. Abbreviations a and b are described in Table 1 . Fig. 7 LC/ESI-MS analysis of glycopeptides derived from human serum α1-acid glycoprotein at fractions corresponding to numbers 3 -6 (a) and 18 -21 (b) in Fig. 6(c) .
Conclusion
Serotonin-immobilized silica was prepared and applied for purification of AP-labeled glycoprotein glycans and specific enrichment of NeuAc-containing glycopeptides from tryptic mixtures from various glycoproteins. The binding capacity of NeuAc reaching into the mmol/g level enables specific SPE of sialylated glycoconjugates with high efficiency. Compared to previous affinity column using lectins, serotonin silica is very stable chemically and is much more insensitive to contaminants in sample matrices. We obtained good recovery of AP glycans, indicating the stability of serotonin silica under the presence of a high concentration of 2-aminopyridine and dimethylamine-borane. The proposed SPE method using serotonin silica can be advantageous, not only for one-step purification of fluorescent labeled glycans, but also for enhancement of sensitivity and interpretability of MS data in glycomic analysis. 
